Abstract Changes in the quality of frozen mango cuboids were investigated during long-term glassy state storage with and without osmotic dehydration pretreatment. The mango cuboids were dehydrated in mixed solutions (sucrose: glucose: fructose in a ratio of 3.6:1:3) of different concentrations (30, 40, and 50% (wt/wt)) prior to freezing and then stored at -55°C (in the glassy state) for 6 months. The results revealed that compared with the untreated samples, osmotic pretreatment decreased total color difference (reduced by 15.6-62.3%), drip loss (reduced by 8.2-29.5%) and titration acidity (reduced by 1.3-9.4%), while increasing hardness (increased by 48.8-82.3%), vitamin C content (increased by 72.5-120.6%) and total soluble solids (increased by 21.8-53.7%) of frozen mangoes after 6 months. Dehydration with a sugar concentration of 40% was considered as the optimal pretreatment condition. In addition, a storage temperature of -55°C provided better retention of quality than rubbery state storage at -18°C. With prolonged storage time, the quality of frozen mangoes continued to change, even in the glassy state. However, the changes in quality of the osmotic-dehydrated samples were less than those of the untreated samples. The current work indicates that osmotic pretreatment and glassy state storage significantly improved the quality of frozen mangoes during long-term storage.
Introduction
Mangoes (Mangifera indica L.) are one of the most important fruits worldwide and are a rich source of carotenoids, vitamin C, phenolic compounds and other nutrients (Pott et al. 2003; Suresh Kumar and Sagar 2014) . The worldwide mango production was approximately 42.66 million tons, and China produced approximately 4.62 million tons, according to FAO data for 2013 (FAO 2014) . However, due to their perishability, the post-harvest shelf life of mangoes is relatively short (Sriwimon and Boonsupthip 2011; Zhao et al. 2014a ). At present, freezing is the most frequently used method to extend the shelf life of mangoes and to maintain their original quality attributes. However, mangoes may undergo quality degradation, such as texture damage, color degradation, and flavor loss, in the traditional freezing process. Osmotic dehydration, as a pretreatment before freezing (i.e., osmo-dehydrofreezing), is feasible for improving textural characteristics, as well as for the reduction of browning, structural collapse, and drip loss that occur after freezing fruits and vegetables (Zhao et al. 2014a ). This can be attributed to the fact that the osmotic pretreatment not only reduces the amount of water to be frozen but can also preserve product texture and enhance flavor and other sensory properties (Dermesonlouoglou et al. 2008; Yadav and Singh 2014) . In our previous work, we demonstrated that osmotic pretreatment could significantly improve mango quality during freezing for 24 h (Zhao et al. 2014a ). Additionally, osmo-dehydrofreezing has been used for strawberries, apples, pears, tomatoes, kiwifruit, and green beans, among others (Dermesonlouoglou et al. 2007; Marani et al. 2007; Ramallo and Mascheroni 2010; Zhao et al. 2014a) . However, few studies have been carried out on osmo-dehydrofrozen fruits under long-term frozen storage.
The storage temperature is expected to be one of the most important factors influencing the stability of the quality of frozen products. According to the glass transition concept, foods can be considered to be very stable in the glassy state (below the glass transition temperature) because molecular mobility is significantly reduced and therefore the rates of deterioration reactions are significantly inhibited below the characteristic glass transition temperature (T g 0 ) (Rahman 2012; Syamaladevi et al. 2011) . T g 0 and the characteristic temperature of the end point of freezing (T m 0 ) of mango were identified as -54.6 and -33.0°C, respectively, from our previous work . The mango matrices consist of ice and glass at temperatures less than their T g 0 (\-54.6°C), recommended for long-term storage (Syamaladevi et al. 2009; Rahman 2012) . T m 0 is the end point of freezing with the maximal freeze-concentration-condition, and all possible freezable water is transformed into ice at this maximal freeze-concentration-condition (Rahman 2012) . Therefore, at temperatures greater than T m 0 ([-33.0°C), mango matrices may be plasticized by the melting of ice. This condition may result in a partial-freeze-concentration in the mango matrices and may not be suitable for longterm storage of mangoes (Syamaladevi et al. 2011; Sablani et al. 2010) . The literature shows studies on the relationship between the stability of frozen food and its glass transition. Akkose and Aktas (2008) reported that the total volatile basic nitrogen (TVB-N) and the thiobarbituric acid-reactive substances (TBARS) in ground beef differed significantly during 6 months of storage when stored above and below the T g 0 . However, no significant influence of the glass transition and storage temperature was reported on the degradation of anthocyanins in raspberries during long-term frozen storage (Syamaladevi et al. 2011 ). According to the literature, the influence of glassy state storage on the quality attributes of frozen mangoes has not been reported.
Therefore, the aim of the current work was to explore whether frozen storage in the glassy state (at -55°C) can help improve the quality attributes of frozen mangoes compared with our previous work on storage in the rubbery state (at -18°C) (Zhao et al. 2014b ). In addition, the influence of osmotic dehydration pretreatments (different osmotic concentrations) on the physico-chemical properties of mangoes during frozen storage was evaluated.
Materials and methods

Samples
Fresh mangoes (Mangifera indica L.) of the Tainong No. 1 variety were obtained directly from a local market in Beijing, China. They were carefully picked so as to obtain homogeneous properties, i.e., visually similar color and size (Jha et al. 2013) . The level of ripeness of the test samples was medium mature.
Sample preparation
Two centimeters of the top and bottom sections of the mangoes were removed, and only the middle section was used for analysis due to the variations of hardness in the whole mangoes. Moreover, all samples were classified as belonging to either the sun-exposed side (softer) or the shaded side (firmer), based on varying degrees of ripeness/ hardness determined using puncture tests. Mangoes with hardness ranging from 12 to 15 N were classified as the shaded side, while the hardness of the sun-exposed side (ranging from 10 to 13 N) was softer than that of the shaded side. The puncture test was performed by a TMSPro texture analyzer (Food Technology Corporation, Sterling, VA, USA) using a P/10-mm diameter cylinder probe, and 0.5 N initial force. In this test, the force was measured when the probe was penetrated into the samples at room temperature (25°C). The penetration depth was held constant at 5 mm in all experiments. The speed of penetration was 20 mm/min, and the pre-speed was 50 mm/min. The instrument automatically recorded the force-displacement curve, and the hardness was expressed in terms of the maximum force (N) (Rahman and Sablani 2003) . Before the experiment, the mangoes were manually peeled, deseeded, and cut with a stainless steel knife (Wang Mazi, China) into cuboid-shaped pieces (2 cm 9 2 cm 9 1 cm) for further processing.
Osmotic pretreatment
Mango cuboids in the dehydration group were subjected to osmotic dehydration in mixed sugars, with sucrose: glucose: fructose in a ratio of 3.6:1:3, according to the ratio of these three main sugar contents in Tainong No. 1 variety mangoes (Liu et al. 2013) . The mixed sugars were used as osmotic agents for improving the quality and flavor of the mangoes due to the presence of sucrose, glucose, and fructose in the mangoes themselves (Sriwimon and Boonsupthip 2011) . These mixed sugar solutions were prepared to have concentrations of 30, 40, and 50% (wt/wt). CaCl 2 (1.5% wt/wt) was also added for tissue and texture preservation during processing. Osmotic dehydration was performed for 2 h at 30°C, based on our previous work (Zhao et al. 2014a ). The ratio of mango cuboids to the osmotic solution was 1:5 (weight to weight). The samples were gently blotted with a tissue paper to remove adhering water and then weighed.
Frozen storage studies
The dehydrated and fresh samples were packaged in polyethylene pouches (The thickness of polyethylene pouches is 0.08 mm.) and transferred to the freezer, where they were stored for 6 months. The temperature (-55°C) was selected to be below the characteristic glass transition temperatures T g 0 (-54.6°C) of mangoes , and close to T g 0 . Samples were retrieved each month and allowed to thaw in water for 2 h at ambient temperature (20 ± 2°C), after which the quality was analyzed. A diagram of the treatment procedures is shown in Fig. 1 .
The osmo-dehydrofrozen mangoes of the sun-exposed side, pretreated in concentrations of 0, 30, 40, and 50% were labeled R0 (i.e., the untreated and the representative of the control sample), R30, R40, and R50, respectively. The osmo-dehydrofrozen mangoes of the shaded side, pretreated in concentrations of 0, 30, 40, and 50% were labeled Y0 (i.e., the untreated and the control sample), Y30, Y40, and Y50, respectively.
Qualitative analysis
Color
The sample color was measured at room temperature using a color difference meter (HunterLab ColorQuest XE, Hunter Associates Laboratory, Inc., Virginia, USA) in the reflectance mode, following the method described by Xiao et al. (2014b) . The L* (lightness), a* (redness-greenness), and b* (yellowness-blueness) parameters of the CIELAB colorimetric system were used to assess the color change of the mango samples. The total color difference (DE) of the samples was calculated from the following equation (Zhao et al. 2014a) , where L 0 , a 0 , and b 0 are the values for the fresh mango cubes:
Hardness
The sample hardness was analyzed using a TMS-Pro texture analyzer (Food Technology Corporation, Sterling, VA, USA) using a P/38-mm diameter cylinder probe in the TPA (texture profile analysis) tests. In the TPA tests, samples were compressed twice to 30% of their original height between flat plates at a test speed of 20 mm/min and an initial force of 0.5 N. A force-time curve was recorded by the instrument, and the hardness was expressed using the peak force of the first compression cycle in N (Zhao et al. 2014a ).
Drip loss
After the samples had thawed, the formed water was allowed to drip off, and the samples were then weighted. The drip loss was calculated as follows :
Vitamin C content
The vitamin C content was measured by titration with 2, 6-dichloroindophenol, using the titrimetry method according to AOAC Method No. 967.21 (AOAC 2000) , following the procedure described by Zhao et al. (2014a) . The values of vitamin C content were expressed as mg ascorbic acid per 100 g of fresh sample.
Titration acidity (TA) and pH
The titration acidity (TA) was determined via titration with standardized 0.1 mol/L NaOH set to reach pH 8.1 by an automatic potentiometric titrator (751 GPD Titrino, Metrohm, Switzerland), according to the method of Liu et al. (2013) . TA was expressed as gram malic acid equivalent per 100 g of fresh weight, considering that malic acid is the predominant acid found in mangoes. The pH value was determined using an Orion 868 pH meter (Thermo Orion, USA), with a combined pH electrode at 25°C.
Total soluble solids (TSS)
TSS was determined as % using a WAY-2S digital Abbe Refraction meter (Shanghai Precision and Scientific Instrument Co., Ltd., Shanghai, China) at ambient temperature (20 ± 1°C).
Statistical analysis
All experiments were performed in triplicate for each storage method. Data were expressed as the mean ± standard deviation (SD). ANOVA and Duncan's multiple range tests were performed at a significance level of P \ 0.05 using the SPSS 17.0 software (SPSS, Chicago, IL, USA).
Results and discussion Color
Color is an important quality attribute that affects the appearance, presentation, and acceptability of many foods . Table 1 shows the changes in the L* value of mangoes of different osmotic concentrations during storage at -55°C (in the glassy state) for 6 months. At the end of storage, L* values for all samples were significantly (P \ 0.05) reduced to different levels, and untreated frozen mangoes (R0) changed the most (reduced by 7.9%) from 1 to 6 months of storage. The reduction in L* of frozen mangoes was mainly attributed to ice crystals formed during freezing and frozen storage, which may result in enzymatic oxidation due to the damaged tissue and consequently triggered chemical reactions between phenolic compounds, oxygen, and enzymes (Liang et al. 2015) . Compared with untreated frozen mangoes from the shaded side (Y0), the most osmotic-dehydrated samples had significantly (P \ 0.05) higher L* values at the same storage time (except in the first month of storage). The osmotic dehydration could improve the L* value of the osmotic-dehydrated mangoes. This phenomenon may be due to the faster freezing rate as a result of lower water content of osmotic-dehydrated samples (Zhao et al. 2014a; Li and Sun 2002) . The faster freezing rate could result in lower structural damage and by thus lower rate of enzymatic browning reactions. In our previous work, we proved that osmotic pretreatment could enhance the freezing rate of mangoes (Zhao et al. 2014a ). Among all osmotic-dehydrated mangoes, the L* values of samples pretreated in sugar concentration of 30% were highest during the whole duration of frozen storage, which implies that this pretreatment condition protects the sample color and reduces the occurrences of enzymatic browning reactions during frozen storage. At the same concentration and storage time, the L* value on the shaded side of most pretreated mangoes was significantly (P \ 0.05) higher than that on the sunexposed side (except in the fourth month of storage) in Table 1 . This phenomenon may be due to the fact that the shaded side of the mangoes was exposed to less sunlight and resulted in immaturity of the sample with lighter color and a higher L* value. L* value for the inner surface of mango was decreased since the internal color turning white to yellow during ripening (Nambi et al. 2015) . The evolution of the color changes (DE) in mangoes after osmotic dehydration pretreatment during frozen storage is shown in Table 1 . It can be seen that most osmotic-dehydrated samples had significantly (P \ 0.05) lower DE values than untreated ones at the same storage time, mainly due to the infusion of sugars into the cellular tissue as a result of osmotic dehydration, and the protective effects of sugars on color (Chottanom and Srisa-ard 2011) . Additionally, because of the lower freezing rate of the control (R0 and Y0), the size of the ice crystals may have been larger, resulting in more cellular and tissue damage and therefore, more color changes. In our previous work, we proved that osmotic pretreatment could enhance the freezing rate of mangoes (Zhao et al. 2014a ). This result implies that osmotic pretreatment is a better way to conserve the original color of mangoes during frozen storage. At the end of storage (6 months), the DE value for all samples was significantly (P \ 0.05) increased compared with that after 1 month of storage. In addition, the storage time had a significant effect on the color changes of frozen mangoes (P \ 0.05). With the progression of storage time (from 1 to 6 months of storage), most osmotic-dehydrated samples obtained smaller changes in DE than the corresponding control (R0 and Y0) on both the sun-exposed side and shaded side. The DE value on the shaded side of most ABCbc mangoes was lower than that on the sun-exposed side, mainly due to greater hardness of the shaded side and smaller tissue damage as a result of the ice crystals formed during frozen storage and therefore smaller color changes in the shaded side. Our previous work reported the quality changes of frozen mangoes during storage at -18°C (commercial frozen storage in the rubbery state, T [ T m 0 ) for 6 months (Zhao et al. 2014b) , and those with osmotic pretreatments were the same when stored at -55°C. The changing trends in the L* and DE values of frozen mangoes at -55°C, with time were similar to those at -18°C. Compared with the color at -18°C during storage (Zhao et al. 2014b) , the L* values were significantly (P \ 0.05) higher, and the DE values were significantly (P \ 0.05) lower in the glassy state (at -55°C). This result suggests that glassy state storage can improve the color of frozen mangoes. It has been reported in the literature that foods can be considered very stable in the glassy state because below the glass transition temperature, the rates of diffusion-controlled reactions (browning reaction) are significantly reduced (Guizani et al. 2010 ). However, there was a significant change of color (P \ 0.05) with storage time in the glassy state. This indicates that changes in the quality of food can occur, even when it is stored at a temperature below T g 0 , probably due to occurring enthalpy relaxation over time (Syamaladevi et al. 2012 ).
Hardness
The textural characteristics of frozen foods, which are mainly influenced by the freezing rate, play an essential role in determining the acceptability of these products to consumers (Zhang et al. 2007) . Good-quality mango products exhibited a high degree of hardness of the pulp during frozen storage (Liang et al. 2015) . Table 2 shows the changes in the hardness of untreated and osmotic-dehydrated mangoes in the glassy state during 6 months of frozen storage. Before frozen storage, the hardness values of most pretreated samples were significantly (P \ 0.05) lower than those of fresh mangoes, probably due to osmotic dehydration causing lower water content and thus having a negative impact on the hardness. Similar results have been reported by Tedjo et al. (2002) , and Rincon and Kerr (2010) . Moreover, samples pretreated in 50% osmotic solutions should not be subsequently frozen because of the higher osmotic pressure, which can possibly result in tissue shrinkage, as per our previous work (Zhao et al. 2014a ). During frozen storage, the hardness of the osmotic-dehydrated samples was significantly (P \ 0.05) higher than that of the untreated ones in Table 2 . This result could be attributed to the higher freezing rate of pretreated mangoes, which could reduce the damage to cell structure and result in firmer textures. Additionally, calcium chloride also contributed to the increased hardness due to its interaction with the cellular wall components of the plant cellular matrix (Zhao et al. 2014a ). Among all osmotic-dehydrated samples, the hardness values of those in solutions of concentration 30% were lowest during the entire duration of frozen storage. And the samples pretreated in 50% osmotic solutions should not be subsequently frozen. Therefore, dehydration in the concentration of 40% was recommended as the most favorable pretreatment condition for mango hardness. Obviously, the hardness was lower in riper fruit. The decrease in hardness has been reported to be due to changes in structure of the pectin polymers of the cell wall during ripening (Jha et al. 2013) . Therefore, the hardness value on the shaded side of mangoes was higher than that on the sun-exposed side in the same freezing conditions. In addition, there was a gradual decrease of hardness during the frozen storage. The changes of hardness for the osmotic-dehydrated samples on the shaded side (Y30 and Y40) were slower after 1 month of storage than those of the untreated one (Y0), which did not significantly change over time.
In general, decreasing trends with some fluctuation in the hardness were observed during storage, both at -18°C (Zhao et al. 2014b ) and -55°C. Moreover, an increase of hardness was seen in the frozen mangoes at -55°C after 6 months of storage compared with the hardness at -18°C (Zhao et al. 2014b ). The storage temperature exhibited significant influence on the hardness values (P \ 0.05) when the selected temperatures were greater than and less than T g 0 . Although the mangoes were in the glassy state during frozen storage, the hardness continued to decrease. This indicates that diffusion-limited reactions do not completely cease in the glassy state. Enthalpy relaxations may occur in frozen mangoes in the glassy state, resulting in molecular rearrangements and the diffusion of unfrozen water (Syamaladevi et al. 2012) . This may cause the growth of ice crystals through recrystallization during storage and further stress the fragile cellular structures of mangoes.
Drip loss
As seen in Fig. 2 , compared with the control groups (R0 and Y0), the samples with osmotic-dehydrated pretreatment showed significant reductions in drip loss (P \ 0.05) during long-term frozen storage. This is because sugars were transferred into the cellular tissue of mangoes through osmotic dehydration and these are excellent cryoprotectants of a high water-holding capacity (Aleksandar et al. 2007) . Moreover, the volume of released liquid reduced with increasing osmotic concentration at the same storage period, mainly due to the decrease of freezable water with increasing concentration after osmotic dehydration. In addition, according to our previous work (Zhao et al. 2014a) , the samples pretreated in 50% osmotic solutions should not be subsequently frozen because of possible tissue shrinkage. Therefore, dehydration in a solution of concentration 40% was most favorable for mango drip loss. The drip loss increased gradually in both untreated and osmotic-pretreated samples with increasing storage time in Fig. 2 . This result may be because the quantity of unfrozen water present may be enough for recrystallization to occur by diffusion, even with limited molecular motion, as shown by enthalpy relaxation below the glass transition temperature (Hagiwara et al. 2005) . The recrystallization could result in ice crystals of increased size, causing more tissue damage and consequently, increasing the drip loss with storage time. The drip loss on the shaded side of most mangoes was lower than that on the sun-exposed side, in accordance with the above results of the hardness values reported in Table 2 .
It was found that the increasing trend in the drip loss of frozen mangoes at -55°C was similar to that at -18°C (Zhao et al. 2014b ) during storage. A significant reduction of drip loss (P \ 0.05) was observed in the glassy state of frozen mangoes compared with the drip loss during rubbery state storage (at -18°C), mainly due to the smaller ice crystals in the glassy state, which could reduce cell structure damage and result in lower drip loss during storage.
Vitamin C content
Changes in the nutritional quality of frozen mangoes could be determined by comparing key quality indices. This study analyzed vitamin C to determine the effect of different osmotic pretreatments on nutrient preservation in frozen mangoes during long-term storage. Table 3 shows the changes of vitamin C content in mangoes during frozen storage in the glassy state. Before frozen storage, the vitamin C content of fresh mangoes was significant higher than that of the osmotic-pretreated samples on both sunexposed and shaded sides (P \ 0.05). The osmotic pretreatment significantly decreased the vitamin C content. Similar results were reported by Forni et al. (1990) and Rincon and Kerr (2010) . In addition, vitamin C contents for all samples significantly (P \ 0.05) reduced to different levels during frozen storage, and most of the reduction occurred during the first 3 months of storage. After 3 months, a drastic loss (89.8-90.2%) of vitamin C was detected in the control groups (R0 and Y0), likely due to rapid leaching via drip loss, whereas lower loss (56.1-74.9%) occurred in the osmotic-dehydrated samples. This result may be due to the lower freezing rate of the control groups and higher structural damage caused by larger ice crystals, resulting in the dissolution of more vitamins and minerals in the liquid released from the fruits compared with the osmotic-dehydrated samples. This result implies that osmotic pretreatment could prevent vitamin C losses during long-term frozen storage. The vitamin C contents of frozen mangoes pretreated in 30 and 40% osmotic solutions were significantly higher than those in other conditions (P \ 0.05) at the same storage time in Table 3 . In addition, the vitamin C contents on the shaded side in most pretreated mangoes were significantly (P \ 0.05) higher than those on the sun-exposed side (except in the first and fifth months of storage), which was related to the degree of ripeness. It has been reported that the vitamin C content decreases as ripening progress in mangoes (Tovar et al. 2001) . In general, decreasing trends were seen for the content of vitamin C both at -18°C (Zhao et al. 2014b ) and -55°C with storage time. This result indicates that vitamin C losses continued in the glassy state, which was attributed to the occurrence of enthalpy relaxation during storage. In addition, the vitamin C content of frozen mangoes in the glassy state was significantly higher than that of mangoes in the rubbery state (at -18°C) during storage (P \ 0.05). This implies that glassy state storage of frozen mangoes was able to reduce the rates of vitamin C losses because the molecular mobility was greatly reduced below the glass transition temperature.
Titration acidity (TA) and pH
TA is related to the concentration of organic acids present in a food, and it is used as a quality parameter. Table 4 shows the effects of different osmotic pretreatments and storage times on the changes of titration acidity in mangoes during frozen storage. Initially, osmotic-dehydrated mangoes had a significantly (P \ 0.05) lower TA than untreated samples before freezing, probably due to the loss of organic acids into the surrounding solution during osmotic dehydration. There was a reduction of the TA with prolonged storage time, which indicated that some diffusion of organic acids was still possible in the glassy state (-55°C). The changes in the titration acidity during frozen storage could also be due to the modifications in the permeability of the cell membrane (Martínez et al. 2013 ). In addition, TA on the shaded side of most mangoes was significantly (P \ 0.05) higher than that on the sun-exposed side during frozen storage, mainly due to the lower acidity of ripened fruit (sun-exposed side).
The changes in pH values of untreated and osmotically pretreated mangoes during frozen storage are shown in Table 5 . The pH values of osmotic-dehydrated samples were significantly (P \ 0.05) lower than those of the untreated groups during storage. In addition, the pH value on the shaded side of most mangoes was lower than that on the sun-exposed side at the same storage period, which was (Rincon and Kerr 2010; Zhao et al. 2014a) . The trends in the TA and pH values of frozen mangoes at -55°C were similar to those at -18°C with time (Zhao et al. 2014b) . Compared with rubbery state storage (-18°C), the TA levels of frozen mangoes in the glassy state were lower during storage, and the pH values in the glassy state were higher.
Total soluble solids (TSS)
Although TSS is not totally sugar, it is often used as an estimate of sugar content (Martínez et al. 2013) . Figure 3 shows the TSS changes of mangoes in different osmotic concentrations during storage at -55°C for 6 months. In general, the TSS levels of osmotic-dehydrated samples increased with increasing osmotic concentrations at the same storage period, which could be attributed to the removal of more water and intake of more sugars, which are provided by the higher osmotic pressure during osmotic pretreatment (Suresh Kumar and Sagar 2014) . Softer and riper fruit had higher initial TSS levels. Free sugars, such as glucose, fructose, and sucrose, increase during ripening, and the sucrose content can increase three-to four-fold (Rincon and Kerr 2010 ). Therefore, the TSS level on the sun-exposed side (riper) of most mangoes was significantly (P \ 0.05) higher than that on the shaded side (except in the first and fourth months of storage). During frozen storage, there was a gradual increase of the TSS level. The changes in soluble solids could be due to the effect of frozen storage on the content of total sugars (Grzeszczuk et al. 2007 ). This increase may be caused by the generation of soluble solids from reserve starch, as well as additional gain from the surrounding media (Rincon and Kerr 2010) . Additionally, the intake of solids increases after storage, as the permeability to sugar transport increases in the disrupted fruit tissue (Rincon and Kerr 2010) .
In general, increasing trends in TSS levels were observed both at -18°C (Zhao et al. 2014b ) and -55°C during storage. There was no significant difference in the TSS levels of frozen mangoes subjected to glassy state Table 4 Effect of different osmotic concentrations on titratable acidity of mangoes during frozen storage (-55°C) in the glassy state storage (at -55°C) and rubbery state storage (at -18°C). Similarly, Rizzolo et al. (2003) and Syamaladevi et al. (2011) also reported that the storage temperature exhibited no significant influence on the degradation of anthocyanins in blueberry juices and raspberries, respectively, during long-term frozen storage, although the storage temperatures were greater than and less than the T g 0 .
Conclusion
Osmotic pretreatment was demonstrated to be useful for preventing quality loss in frozen mangoes compared with untreated ones during long-term storage. Dehydration in a solution of 40% concentration was recommended as the most favorable pretreatment condition for the frozen storage of mangoes. The quality attributes of mangoes on the shaded side were better than those on the sun-exposed side during frozen storage.
A storage temperature of -55°C (in the glassy state) was used for long-term storage of frozen mangoes, providing better retention of quality than -18°C (in the rubbery state) with prolonged storage time. Although the mangoes were in the glassy state during frozen storage, the quality attributes continued to change. However, the changes of quality for osmotic-dehydrated samples were slower than those of the untreated ones. The findings of the current work indicate that both osmotic dehydration pretreatment technology and glassy state storage could enhance the quality attributes of frozen mangoes during long-term storage. Storage time (months) Fig. 3 Changes of total soluble solids in frozen mangoes with different osmotic pretreatments during long-term storage (-55°C) in the glassy state
